This survey presents, in simple terms, some theoretical and practical aspects of radiation sterilization of particular interest to the anaesthetist. Although radiation is linked emotionally with destruction, its lethal effects, particularly on micro-organisms, can be used to present to the anaesthetist a safe, practical product.
Following the discovery of X-rays, Becquerel, in 1895, found that certain naturally-occurring uranium salts emitted penetrating radiation. Twenty years later the Curies found the same property with radium and polonium; in the 1930's Curie and Joliot induced in stable elements this same ability to produce penetrating radiation. This phenomenon of radioactivity is known to be due to an unstable atomic nucleus which partially breaks down to a stable substance. In this process, known as decay, energy is emitted, and because the breakdown is often a complicated process involving a number of stages, numerous quanta of radiation, referred to as photons of gamma radiation, are emitted.
Cobalt-50 is the major source of gamma radiation used for sterilization of medical products. Although cobalt-50 occurs naturally, it does so in such small quantities that it is made artificially, by bombarding the stable parent, cobalt-59, with neutrons. The nucleus eventually takes up an extra neutron, increasing the atomic weight by one, to 50.
Three units should be defined at this point. The curie (c) is a unit defining the activity of a radioactive source, and is that quantity of radioactive material undergoing 3·7 xl0 10 disintegrations per second. The rad, on the other hand, is a unit of energy deposited in irradiated material, and is defined as being equivalent to the deposition of 100 ergs per gramme in the material irradiated. It is a small unit, and the term l\lrad, or one million rads, is commonly used.
The third unit relates to the energy of the emitted radiation. This unit is the electron volt (eV), and is the energy acquired by an electron falling through a potential difference of one volt. It, too, is a small unit and million electron volts (Me V) is the commonly used unit. vVhen a photon of gamma radiation is absorbed by matter, a number of interactions are possible, the result depending on the energy of the photon and the density of the matter. \Vith energy of the order obtained from cobalt-50, and with materials of medium atomic number such as are found in most natural and synthetic products used for medical disposables, the Comptom effect is the predominant one. Here the incident photon interacts with one of the free outer orbiting electrons of the atom. A small part of the energy of the photon is lost in un binding the electron from its nucleus (about 30 e V) and some is lost in giving the electron kinetic energy. This loss of energy results in the formation of a photon of lower energy. This billiard-ball-like process, with successive loss of energy at each collision, proceeds until all the energy of the photon is dissipated. The ejected electrons, too, if they have sufficient energy, will expel other electrons from neighbouring atoms until their energy is totally used up.
Hence, momentarily at least, a state of ionization in the irradiated material is created. The significance of this, and the effects of either a return to the pre-existing situation or the creation of new combinations, will be discussed in the next section.
MICROBIAL ASPECTS OF IONIZING RADIATION
Probably the earliest report on the effects of radiation on micro-organisms was that of Downes and Blount to the Royal Society in 1877; the source of radiation was sunlight. After the discovery of X-rays in 1895 by Roentgen, much work was done to determine whether the rays were bacteriacidal. Generally the results were disappointing, and this was thought to be due to a number of factors, particularly to the methods used for counting surviving organisms and to the size of the dose used. Subsequent experiments by many workers, particularly Wyckoff (1930) , showed an exponential relationship between the surviving fraction and a given dose of radiation.
This has now become the standard method of investigating and recording the lethal effects of radiation on micro-organisms. If organisms are subjected to graded doses of radiation and the fraction surviving are plotted in a linear fashion with the dose, four general curve shapes are derived ( Figure I ). Three points are noted from these curves by Tallentire (1964) : 1. In all cases the surviving fraction decreases as the dose increases. 2. The rate of decrease varies over the dose range.
At high doses all the curves become
asymptotic to the X-axis, i.e. within a finite distance they approach but never reach absolute zero. When these results are plotted semilogarithmically, curve shapes are produced as indicated in Figure 2 . Gunter and Kohn (1956) designated the curves A, B, Cl and C2, and experience suggests that most micro-organisms give either a straight line type A curve or a type Cl curve with a small shoulder at very low doses. These essentially straight line curves allow a numerical measure of the radiation sensitivity of micro-organisms, and the usual one is known as the DI0 value. This is defined as that dose of radiation which will reduce survivors by a factor of 10, in other words, by one logarithmic number. From a "straight line" response the DI0 value can be obtained by dropping perpendicular lines to the X -axis from points on the curve representing a tenfold drop in survivors. Table 1 gives an indication of the DI0 values of various micro-organisms. Although no further reference will be made to the fact, note should be taken of the considerable differences in radiation sensitivity exerted by the conditions under which the experiment takes place, particularly the effects of oxygen and moisture.
Several important practical points arise from the experimental work already discussed. Figures 1 and 2 figure of 19~ is known as the inactivation factor for Pseudomonas at 2·5 :\Irads and under these conditions. Practical experience at Tasman Vaccine Laboratory (T.V.L.) has shown that very few disposable articles subjected to irradiation have a presterilization count of more than a total of 10 3 organisms of all types per article; thus the lethal effect of 2·5 :\Irads can readily be seen. l\Iaking the assumption that all thes~e organisms were Pseudomonas, and that the article was irradiated under dry aerobic conditions, the theoretical number of survivors should be 10-189 , meaning that one live organism should be found after irradiating 10 189 such articles. This is obviously an acceptable level of sterility, although still not absolute sterility. With this in mind, the Danish AEC establishment at Riso have defined sterilization as "that treatment that ensures an inactivation factor of at least 10 8 for a recognized test strain when the latter is placed at a position in the equipment where the inactivating effect is supposed to he at a minimum and provided that the test strain has been prepared in such a way that its resistance may be supposed to correspond to the resistance under the condition prevailing in the equipment concerned. The test strain should be selected to be more resistant toward the sterilizing process that all pathogenic microorganism with known resistance, and at least as resistant as all commonly occurring contaminants" (Christensen, Holm and JuuI1967). Much practical work in the 1950's and early 1960's estahlished 2·5 l\Irads as a reliable sterilizing dose. Artandi and Van \Vinkle (1959) claim that this figure is 40 per cent above the minimum necessary to kill the most resistant micro-organism. This figure is accepted by the Australian Code of Good l\Ianufacturing Practice (1971), although the Danish authorities insist on a figure as high as 4· 5 l\Irads, due in part at least to the discovery of highly resistant strains of Streptococcus faecium in that country; it is accepted, however, that a lower dose may be applied where the initial level of contamination is low.
Codes of Good :\Ianufacturing Practice in various countries rightly stress the importance of knowledge of presterilization microbial types and counts. With the known difficulties and fallacies of post-sterilization counts, presterilization counts on a continuing representative sample of goods for irradiation is an integral part of quality control procedures, and represents an advance over alternative sterilization procedures carried out in hospitals.
To complete this brief survey of some of the theoretical and practical aspects of the microbiology of radio-sterilization, some mention should bc made of the means whereby radiation exerts its effects on micro-organisms. Unlike the effects of heat, lethal exposure to irradiation does not cause immediate death of an organism. Functions such as respiration and mobility can be measured hours after the radiation dose, and treatmcnt subsequent to the radiation event may influence the viability of the cells.
The effects of radiation on a cell are complex and variable, and depend partly on the constituents of the cell (which may range from water to D.N.A.), and to the varying sequence of events which the ionizing radiation exerts on these constituents.
These reactions are summarized by Rees (1968) , who describes the effects in the following way:
1. The primary ionizing event when the radiation interacts with the atoms or molecules of the cell. This interaction takes only a short time, of the order of 10-13 seconds. 2. New products are formed following these interactions.
Complex molecules within the cell may be broken, but the most important reaction is probably the ionizing of water with the production of H and OH radicals. These radicals are extremelv reactive chemically. This is known as th~ primary chemical effect and lasts about 10-9 seconds. 3. Chemical reactions now occur among the radicals or between them and the molecules previously unaffected. This stage may last several seconds; these often highly toxic compounds are usually unstable, and rapidly revert to the original compounds.
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Although Rees was describing the effects observed in tissue cell cultures, the same mechanisms are responsible for microbiological death.
EFFECTS OF IONIZING RADIATION ON PLASTIC MATERIALS
Plastics, more correctly termed polymers, are synthetic materials made up of multiple monomer units. As well, there are many naturally-occurring polymers, notably rubber. The effects described here are applicable to most natural and synthetic polymers.
No great detail will be given for the many polymers involved in anaesthetic equipment. It will suffice to give as an example the structure of polyethylene (Polythene), a polymer made up of multiple monomer units with the structure H H -C -C -H H Depending on the method of production, either low density or high density polythene can be produced. Examples of these two types are the tough polythene film of low density and the much harder density polythene used for the manufacture of some hip prostheses. The chains, each containing 1,000-1,500 monomer units, lie in a coiled manner, much like a plate of spaghetti. This intertwining gives polythene film its toughness and pliability. With high density polythene the chains tend to lie in a more regular, more nearly parallel fashion, giving it its greater impact strength and lower elasticity. Charlesby (1953) found that polymers can be classified into two groups according to their behaviour when exposed to ionizing radiation. The effects observed are either:
1. Crosslinking of the polymer chains, leading to an increase in the molecular weight; or 2. Scission of the molecular chains resulting in a decrease in molecular weight. This classification is not rigid as the end result may vary, depending on the conditions under which radiation occurs. When polythene is irradiated, small amounts of hydrogen and low chain hydrocarbons are produced. This is followed by a C -C link between chains (hence the term crosslinking), giving a compound of higher molecular weight and generally less pliability and greater rigidity.
Of the better known polymers polythene, polypropylene, polystyrene, nylon and natural rubber crosslink after irradiation, while P.V.c., teflon and cellulose undergo scission and degrade.
PRACTICAL ApPLICATIONS OF GAMMA RADIATION TO ANAESTHETIC PRACTICE
Sterilization is achieved by circulating the product round a shielded cobalt-60 source, administering a predetermined dose. The processes at the Tasman Vaccine Laboratory in Upper Hutt, New Zealand (Rainey 1968 ) and Dandenong, Australia, are electronically controlled to administer 2·5 Mrads evenly throughout the product, with a maximum to minimum dose ratio of 1·2: 1·0 with product of a density of 0·2 (water=l·O). The plants were both designed and installed by the Commercial Division of AECL, Canada.
Advantages of the process as a sterilizing procedure are mainly related to the penetrative ability of the gamma rays.
1. The product can be packed in an impervious radiation-resistant packing material, and then irradiated, conferring a much longer shelf life than the cellulose packing materials widely used in hospitals. 2. The sterilizing process is able to reach areas normally remote from other agents, e.g. the contiguous surfaces of the barrel and plunger of a hypodermic syringe are inaccessible in some instances to ethylene oxide (Rubbo and Gardner 1968) , and the interior of long lengths of plastic tubing is difficult to sterilize by either heat or ethylene oxide. 3. The inactivation factors for pathogens at 2 ·5 Mrads are higher compared with other available sterilizing methods. 4. Because the cost of irradiators at present put them beyond the resources of hospitals, sterilizing by irradiation tends to be performed by fewer, but larger, commercial organizations. This enables stringent, but costly, control procedures to be more easily instituted and Codes of Good Manufacturing Practice now insist on these procedures. These include routine pre-and post-sterilization testing both of product and of test organisms, regular testing for changes in radiation sensitivity of the commonly-occurring pathogens, and monitoring of the efficacy of the packaging materials used. The Australian Code of Good Manufacturing Practice make these tests the responsibility of the primary manufacturer. If the irradiator is under different control from the manufacturer, the administration of the correct dose is the responsibility of the former. Frequently the manufacturer controls the irradiator, so the monitoring of dose becomes an added control feature. 5. Sterilizing costs, despite the greater efficacy of radiation, are not increased. Several studies in major Australasian hospitals (Rainey 1971) give comparable costs for both radiation and standard in-hospital heat sterilization. Service sterilization outside hospitals requires a change in outlook, and a reluctance to consider the advantages would lead to the following disadvantages. (This type of service implies recycling of non-disposable items.)
]. The distance of the irradiator from the hospital creates problems in the supply of re-usable items to hospital departments. The answer lies in having a larger supply of these products in circulation. The problem does not apply, of course, to disposable items. "'hether it is economic to resterilize by irradiation a heat-labile product is a frequent question, and the advice usually given is based on experience from efficient, cost-oriented C.S.S.D.'s. Here an estimated recycling cost is currently ] 5 cents an item. This includes the cost of collecting the item from the ward, cleaning and packing it, storing it, and then returning it to the ward, adding as well the cost of power, maintenance of autoclave and labour. It does not include depreciation of capital costs of equipment and rental for space, nor does it take into account breakages. In practical terms this means that disposable articles such as syringes and needles are not worth recycling either in or outside hospitals.
The progressive breakdown of polymers
under irradiation may preclude their use, either primarily or after recycling. Careful choice of polymer and the ingredients used in its manufacture can overcome this. For instance, manv formulations of latex rubber prevent its 'irradiation, but the use of a suitable antitoxidant produces a stable end product capable of withstanding over 50 Mrads without change in its function. More commonly, articles lose their functional characteristics slowly following successive radiations. P.V.c. endotracheal tubes become stiffer. The change starts to appear at about ]0 Mrads (i.e. four sterilizations) and progresses slowly, so that at about 20 Mrads they become unusable. At this point the tube can be discarded.
How much an irradiation service is used depends not only on the distance from the irradiator but also on current standards of aseptic technique.
Do, for instance, all endotracheal tubes need to be sterile up to the moment of use? This is certainly a justifiable standard with critically ill patients in respiratory units, but does it apply to tubes used in normal surgical lists? Would not regular autoclaving and non-sterile storage of red rubber cuffed tubes be adequate? Tasman Vaccine Laboratory in Upper Hutt have compared the effects of irradiation and heat on standard rubber endotracheal tubes, and with up to 50 separate cycles in each case no real differences in function could be found with either method. If distance is not a barrier, it would seem more logical to sterilize by irradiation, because the impervious pack obviates the need for unnecessary recycling, as is the case with autoclaving.
Such simple items as induction trays and mixing needles are now available in New Zealand as commercially made disposable items. Hospital administration now recognize that procedures such as pack-making are better performed outside hospitals. Space for storage and assembly are at a premium, staff for processing is often hard to find in inner city areas, and so often trained nursing staff are seconded to C.S.S.D.'s away from areas where their training is more suitably used.
It may be of interest to quote the experience of the public hospital nearest to the New Zealand irradiator. Disposable syringes and needles are used exclusively in theatre. Disposable, commercially produced induction trays and mixing needles are used, but red rubber endotracheal tubes are sterilized by regular autoclaving. Face masks and anaesthetic tubing are only irradiated when known infective cases are anaesthetized; the same applies in the respiratory unit. The only endotracheal tubes irradiated are the P.V.c. and nylon tubes used in the respiratory unit, and those used in theatre, which are destroyed more readily by heat, e.g. latex tubes.
Irradiated disposable suction catheters are routinely used.
The sterilization of ventilators is often necessary.
Unfortunately, radiation is not currently able to help a great deal. One widely used American manufactured ventilator contains parts made from 20 different materials, only one of which is not radiation-resistant. This instability of one component effectively prevents resterilizing by radiation. No doubt a suitable replacement could be found, but radiation sterilization has not, except for catgut, been so widely used in the U.s.A. as in the U.K. and Australasia, so there has been no demand for such a change.
Radiation sterilization of pharmaceuticals is feasible, but the fact that so few products are available suggests that it is not likely to become widely used. Substances including antibiotics (Controulis et al. 1954) , vitamins (Colovos and Churchill 1957) , steroids and many alkaloids (Home 1958 ) are stable to irradiation in the dry state, but stability is very variable in dilute aqueous solutions or suspension. Glass darkens after irradiation, making proper inspection of ampoules difficult, while stability of aqueous solutions in plastic ampoules has still to be proven. Newer methods of sterile filling by filtration under laminar flow conditions are likely to make radiation an unlikely method of sterilization of these products.
This has been a brief resume of some practical experiences in this field. Suitable selection of materials is essential, but advice on polymer identification and radiation stability can be readily obtained. With this knowledge many more applications will no doubt emerge. CONCLUSION Radiation is a safe, effective method of sterilization. It is deeply penetrative, and has the advantage of being effective after the article to be sterilized has been sealed in an impervious pack. This confers a long shelf life while the package remains unopened or undamaged.
High inactivation factors are achieved, and no residual radiation is induced. The service is a commercially operated one, but obligatory control features probably create a greater margin of safety than currently existing hospital practices. It is debatable, moreover, whether these functions are properly those of a hospital. When greater experience with the process has been obtained, it is likely that it will become even more widely used than at present.
